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2Abstract:
With unique distorted 1T structure and the associated in-plane anisotropic
properties, mono- and few-layer ReX2 (X=S, Se) have recently attracted particular
interest. Based on experiment and first-principles calculations, we investigate the
fracture behavior of ReX2. We find that the cleaved edges of ReX2 flakes usually form
an angle of ~120° or ~60°. In order to understand such phenomenon, we perform
comprehensive investigations on the uniaxial tensile stress-strain relation of
monolayer and multi-layer ReX2 sheets. Our numerical calculation shows that the
particular cleaved edges of ReX2 flakes are caused by unique anisotropic ultimate
tensile strengths and critical strains. We also calculate the stress-strain relation of
WTe2, which explains why their cleaved edges are not corresponding to the principle
axes. Our proposed mechanism about the fracture angle has also been supported by
the calculated cleavage energies and surface energies for different edge surfaces.
3Introduction
Two-dimensional transition metal dichalcogenides (2D-TMDs) (MX2, where M
denotes a transition metal and X denotes a chalcogen) are promising candidate
materials for next-generation flexible optoelectronic applications owing to their
mechanical flexibility, chemical and environmental stability, unique optical properties
[1-3]. Most of the studied group-VI TMDs exhibit isotropic behaviors [4-6].
Lowering lattice symmetry could induce interesting anisotropic properties. Recently,
much research interest has been focused on a new type of 2D-TMDs with low
symmetry: rhenium disulfide (ReS2) and rhenium diselenide (ReSe2) (denoted as
ReX2) [7-17], both of which exhibit a distorted octahedral phase (denoted as Td). Due
to the low lattice symmetry and unique band structures, ReX2 show pronounced
in-plane anisotropic properties with possible device applications. For example,
few-layer ReX2 sheets have been demonstrated as channel materials for field effect
transistors [8,9,11], integrated digital inverters [9] and photodetectors [11,16,17].
Similar to ReX2, WTe2 forms low-symmetry distorted 1T structure [18] while
exhibiting anisotropic electronic, optical, vibrational and thermal dynamical
properties [18-25].
Mechanical exfoliation from bulk layered crystals has been a common approach to
obtain atomically thin 2D materials, which usually show tendency to fracture along
certain in-plane crystallography orientations, especially for those with low symmetry.
For example, the morphology of the exfoliated thin ReS2/ReSe2 flakes was found to
exhibit a quadrilateral shape with inner angles of ~60° or ~120° [9,10,16,17], which
was suggested to be caused by the weakest breaking strength along two principle axes
[9]. Despite the similar lattice structure, WTe2 thin flakes are not preferentially
cleaved along their crystal axes [20,23,24]. To our best knowledge, no theoretical
study about such phenomenon has been performed.
In this article, we present a detailed study of cleavage tendency of mono- and
multi-layer ReS2, ReSe2 and WTe2. Our experiments confirm that the cleaved edges of
ReS2 thin flakes indeed tend to form the angle of 120o or 60o, with major results
4shown in Figure 1. Our first-principles calculations successfully explain such
experimental results. Our numerical calculations further reveal the reason why the
edges of cleaved WTe2 thin flakes are not related with their principle axes. Our study
suggests that the cleaved edges of 2D layered materials are determined by the tensile
stress.
Method
Single crystals of ReS2 were grown by the same Br2-assisted chemical vapor
transport method described in Ref. [7]. We used a standard mechanical exfoliation
method to isolate mono- and few-layer ReS2 flakes. Similarly, the WTe2 thin films
were mechanical exfoliated from single crystals (HQ-graphene, Inc.) onto the silicon
substrate covered by 285 nm SiO2.
The first-principle calculations were carried out with the Vienna ab-initio
Simulation Package (VASP) [26] based on density functional theory (DFT). The
Perdew-Burke-Ernzerh of (PBE) exchange-correlation functional [27] along with the
projector-augmented wave (PAW) potentials was employed for the self-consistent
total energy calculations and geometry optimization. The kinetic energy cutoff for the
plane wave basis sets was chosen to be 550 eV for ReX2 and 500 eV for WTe2. The
Brillioun zone was sampled using 155  (for mono- and multi-layer ReX2) and
555  (for bulk ReX2) Monkhorst-Pack k-point grid. For WTe2, the
Monkhorst-Pack k-point grids are 1714  (for mono- and multi-layer WTe2) and
3714  (for bulk WTe2). Atomic positions were relaxed until the energy differences
were converged within 10-5 eV and the maximum Hellmann-Feynman force on any
atom was less than 0.01 eV/Å. Based on the optimized lattice structure, we performed
further calculation. Since van der Waals (vdW) interaction is important in layered
materials [28-31], by using a semi-empirical DFT-D2 method [32], we considered the
vdW correction in all calculations except the stress-strain relations of the monolayer
ReX2 and WTe2.
The theoretical stress-strain relation was calculated by using a standard method
[33], which requires rectangular unit cell to impose uniaxial tensions. To calculate the
5stress-strain relations, we applied a series of incremental uniaxial tensile strains along
one direction of the supercell and relaxed the lattice along the orthogonal direction.
Each of the corresponding conjugate stress components was less than 0.05 GPa. A
vacuum of 20 Å along c direction (inter-layer direction) was included to avoid the
interaction between the periodically repeated structures.
In 2D system, stress calculated by DFT has to be modified to avoid the force being
averaged over the entire simulation cell including vacuum space [33-35]. In order to
compare with experimental results directly, the stress was rescaled by Z/d0 to obtain
equivalent stress, where Z is the cell length in c direction and d0 is the effective
thickness of the system [33-35]. Here, the effective thickness was taken to be 0.70 nm
for ReS2 [7], 0.66 nm for ReSe2 [12], 0.70 nm for WTe2 [18] respectively.
Results
As shown by the top view of monolayer ReS2 crystal structure in Figure 2(a), ReX2
crystallize in a distorted 1T structure [7]. The clusters of Re4 units are arranged in a
diamond-like shape, and form a quasi-one-dimensional chain inside each monolayer
[7]. There are two principle crystal axes, the b and a axes, with an angle about 120º
formed between them. The b-axis corresponds to the direction of Re-Re atomic chain
as shown in Figure 2. Compared to those metal atoms in those widely studied
group-VI TMDs, such as MoS2, the extra one valence electron in each rhenium atom
leads to the formation of the Re-Re bond in ReX2. Therefore, the forming of Re4
cluster significantly affects the interaction between Re-Re dimers [7]. The mechanical
properties of ReX2 strongly depend on such strongly covalent-bonded Re clusters.
Regarding the Re4 diamond-shape clusters, there are four most-notable directions: a,
b lattice vectors and two diagonal directions of unit cell. Specifically, as shown in
Figure 2(a), they are Re1-Re2 direction (0°, i.e., b-axis), Re1-Re4 direction (~120°,
i.e., a-axis), Re1-Re3 direction (~60°, i.e., one of the diagonal direction of Re4
diamond), and Re2-Re4 direction (~150°, i.e., the other diagonal direction of Re4
diamond).
In order to study the breaking strengths along these four typical directions, we
6adopted three 24-atom orthogonal supercells: 0°-90°, 30°-120° and 60°-150°
supercells as shown in Figure 2(b)-(d) respectively. The calculated stress-strain
relations of monolayer ReS2 and ReSe2 along six special directions are presented in
Figure 3 (including the aforementioned four typical directions adding four
perpendicular directions; here 60° and 90° directions are perpendicular to each other,
thus there are total six special directions: 0°, 30°, 60°, 90°, 120°, 150°). We also
calculated the stress-strain relations of bilayer ReX2, no obvious difference was found
compared to monolayer ReX2 except the ultimate stresses are slightly lower for the
bilayer case. We also calculated the stress-strain relation for trilayer ReX2, the
stress-strain behavior of which was found to be similar to that of bilayer ReX2. Since
vdW interaction usually plays important role in interlayer coupling, we also compared
the results of multi-layer ReX2 with and without vdW interaction considered. Our
numerical results show that vdW interaction only slightly affects the results, with
summarized results listed in Table 1. We hence focused on the stress-strain relation of
monolayer ReX2.
By fitting the initial stress-strain curves on the linear region up to 2% strain, we
estimated the elastic properties of monolayer ReX2. ReX2 show nearly isotropic
in-plane elastic response with Young’s modulus 901
2Re
SE GPa, 4012Re SeE GPa
and Poisson’s ratio 0.225
2Re
S , 0.2232eRe S . It is in sharp contrast to black
phosphorene (with similar strong in-plane anisotropic structure), which show obvious
in-plane anisotropic elastic responses [34]. The Young’s modulus and ultimate
strengths of ReX2 are also much lower than that of MoX2 (X=S, Se) [35,36]. When
the applied strain increases, the calculated stress-strain behaviors of ReX2 monolayer
become nonlinear. The specific ultimate tensile strengths and corresponding critical
strains along six different directions are listed in Table 1. ReS2 and ReSe2 show
similar strain-stress relations with strong orientation-dependence. The critical strains
of monolayer ReS2 and ReSe2 are also close to each other (shown in Table 1).
Meanwhile, the ultimate stresses of ReS2 are considerable stronger than those of
ReSe2, since the bond of Re-S is much tighter than that of Re-Se.
7While the shortest Re-Re distance in Re-Re chains is along b-axis (0° direction),
the ultimate strengths and critical strains are the highest along 150° direction in ReX2.
Compared with other directions except 150°, the 0° direction shows apparently larger
ultimate strengths. Cleavage tendency is usually determined by lower strengths along
certain directions. As shown in Table 1, for both materials, the ultimate strengths
along 30° and 90° directions are much lower compared to other directions. The lowest
ultimate strength appears at 30° direction, and the ultimate strengths of 90° direction
are only slightly larger than those of 30° direction. Therefore, during the exfoliation,
ReS2 and ReSe2 flakes have larger probabilities to break along the directions of 30°
and 90°. In most cases, thin flakes may break nearly simultaneously along these two
directions. Since the direction of 30° is perpendicular to a-axis, and the direction of
90° is perpendicular to b-axis, ReS2 and ReSe2 thin flakes preferentially crack along
these two axes, resulting in the angles of 120° and 60° appearing with the largest
probability. Such theoretical results are fully consistent with the experimental
measurement as shown in Figure 1.
Although the ultimate strengths along 30° and 90° directions are almost the same
for both ReS2 and ReSe2 flakes, the smaller critical strain makes the direction of 90°
slightly easier to crack. Therefore, the probability of the presence of b-axis is larger
than that of a-axis. This is also consistent with the previously reported observations.
For example, Y. -C. Lin et al. [13] found that during the exfoliation, the edges of
bilayer ReS2 flakes were always oriented along the Re-Re chains, i.e., b-axis. D.
Chenet et al. [14] examined the cleaved edges of mono- and few-layer ReS2 samples
by using Raman spectroscopy, and confirmed that in many cases the edges were
parallel to b-axis. L. Hart et al. [15] also found similar phenomenon that the
crystallographic b-axis of ReS2 flakes frequently formed the longer edge of cleaved
crystals, clearly indicating larger appearance probability for b-axis than a-axis. This
study is in good agreement with our experiment results. As shown in Figure 1, the
typical ReS2 flake shows not only the appearance of angle ~120° but also the longer
edges of b-axis. The difference between the critical strains of 30° and 90° directions
may be induced by the space difference between two vicinal diamond shaped clusters
8in b and a directions. As shown in Figure 2(b)-(c), the vicinal Re4 clusters are
separated by 0.30 nm along the 30° direction, while the distance is 0.35 nm along the
90° direction.
By comparing to ReX2, WTe2 has shown many similarities, including the same
distorted 1T lattice structure, similar anisotropic electronic, optical, vibrational and
thermal dynamical properties [8,9,11,16-25]. Both materials exhibit metal atom chains
along one of the principle axes as shown in Figure 2 and Figure 4. However, it seems
that the cleavage edges of WTe2 flakes are generally not related with the principle
axes [20,23,24]. We thus performed similar calculations to explore the physics behind
such difference.
By fitting the initial linear stress-strain curves in small strain regime, the
mechanical properties of monolayer WTe2 were obtained with results shown in Figure
4(c). Unlike monolayer ReX2, the elastic response of monolayer WTe2 shows obvious
anisotropy. We calculated Young’s modulus along two principle axes, with values of
171X E GPa and 401Y E GPa, which implies that the W-Te bonds along the
Y-axis may be stronger than those along the X-axis. The Possion’s ratios along two
principle axes are also highly anisotropic, with values of 0.25X and 0.35Y
along the X- and Y-axis, respectively. The anisotropy of Poisson’s ratios indicate that
monolayer WTe2 is less responsive under strain along the W-W chain direction than in
the perpendicular direction.
Then we focused on the strain effects of monolayer WTe2 under large strains. The
calculated maximum Cauchy stress for uniaxial tension along the X-axis is 9.35 GPa,
at critical strain 12.0X  . While along the Y-axis, WTe2 was found to be much
stronger with ultimate strength of 14.96 GPa. Monolayer WTe2 shows superior
flexibility along Y-axis with a large critical strain 61.0Y  . The differences of the
ultimate strengths and critical strains between two principle axes are large, which
implies that the two axes usually do not crack simultaneously during exfoliation.
X-axis should be much easier to crack because of the much smaller ultimate strength
9and critical strain compared to Y-axis. Thus in contrast with ReX2, WTe2 flakes
usually do not form shapes with inner angle of 90°. Based on these numerical results,
one can expect that WTe2 thin flakes may show long-strip shape along the Y-axis.
Such results agree with the prior experimental works [23,24]. We also found that the
exfoliated WTe2 thin flakes naturally formed long-strip shape, as shown in Figure
4(d).
To further study the cleavage tendency of ReX2 and WTe2, we also calculated the
cleavage energy Ecl for different edge surfaces. Ecl is defined as the minimum energy
required to overcome interlayer force during exfoliation processes [37,38]. The
structure of the bulk ReS2 is shown in Figure 5(a), where the side surfaces {100} and
{010} represent the surfaces containing the 0° and 60° directions, respectively. Other
edge surfaces are similar and not shown. As an example, the calculated Ecl is shown in
Figure 5(b) by using edge surface {100} of ReS2. Firstly, we constructed a four-layer
slab serving as the model of bulk, where three layers were fixed and the other
monolayer was flexible as an exfoliated layer. The separation distance in the
equilibrium configuration is defined as zero. A vacuum layer (15Å) is incorporated
into the four-layer slab to avoid artificial interactions between two neighboring slabs.
As shown in Figure 5(b), cleavage energy increases with the distance between the
exfoliated 1L and bulk, and reaches convergence at about 2.5Å. The cleavage energy
of edge surface {100} is about 2.15 J/m2. The theoretical cleavage strength curve was
obtained by taking the derivative of Ecl with respect to distance. The obtained value is
about 20.91 GPa, which is larger than the ultimate tensile strength of this direction
(~15.21GPa).
In Table 2, the calculated cleavage energies and strengths for all typical edge
surfaces of ReX2 and WTe2 are listed with corresponding ultimate tensile strengths for
comparison. Among all edge surfaces of ReX2, the edge surface containing 0° has the
lowest cleavage energy and cleavage strength. The edge surface containing 120° has
the second lowest cleavage energy and cleavage strength. Thus, these two edge
surfaces have the largest probabilities to appear, which agrees with the results on the
tensile stress-strain relation. Similar results were also found for WTe2: the {100}
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surface has not only smaller cleavage energy and cleavage strength, but also smaller
ultimate tensile strength.
Another important factor related to the specific edge termination of a certain crystal
is its surface energy. Surface energy is the energy required to create new surfaces
when crystals are peeled [39,40]. According to the Gibbs-Curie-Wulff law, surface
with lower surface energy is the preferable lateral face of a material. We calculated
and compared the surface energies of all typical terminations for ReX2 and WTe2,
with results shown in Table 2. The surface energy of ReX2 is defined by the following
equation:
2A
)nE(ReX-)nReX( 22E
where )nReX( 2E is the total energy of ReX2 surface slab, n is the number of the
atoms in the surface slab, )ReX( 2E is the bulk energy per atom and A is the
surface area. As expected, the surface containing 0° has the lowest energy (0.78 J/m2
for ReS2 and 0.72 J/m2 for ReSe2), followed by the surface containing 120° (0.88 J/m2
for ReS2 and 0.86 J/m2 for ReSe2). For WTe2, the surface energy of {100} surface
(0.77 J/m2) is considerably lower than {010} surface (1.28 J/m2), which further
confirmed the above results that the X-axis of WTe2 flakes is much easier to crack.
Summary
In conclusion, based on the experimental observation and first-principle
calculations, we investigated the cleavage tendency of three types of Td-TMDs, ReX2
(X=S, Se) and WTe2. The ultimate tensile strengths and critical strains of these three
low-symmetry materials were found to be strongly orientation-dependent. We found
the ultimate stresses of ReX2 flakes along the directions perpendicular to a and b
lattice vectors are much lower than other directions, which is responsible to the
observed phenomenon that cleavage edges preferentially lie along their crystal axes.
Additionally, along the direction perpendicular to b-axis, our calculations shew that
the critical strain are significantly lower than other directions. This explains why the
b-axis usually forms the longer edge of the cleaved flakes. For WTe2, two principle
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axes have quite different ultimate strengths and critical strains, which explains why
WTe2 tends to form long-strip shape. These conclusions were further confirmed by the
comparison of cleavage energies and surface energies for different edge surfaces.
12
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FIG. 1. (a) Optical image of a typical ReS2 thin flakes, which shows not only the most
common angle of 60° (or 120°) but also the well-defined longer edges along the
b-axis. The scale bar is 10 μm. (b) The statistics of inner angles for over 50 ReS2 thin
flakes, showing the larger appearance percentage for 60° and 120°.
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FIG. 2. (a) Atomic configuration of monolayer ReS2 with distorted 1T structure. The
parallelepiped is unit cell (blue area) which contains four rhenium atoms and eight
sulfur atoms. The angle between a and b-axis of the unit cell is 119.1°. Rhenium
chain along b-axis is set as 0° direction and other directions are defined by the angle
(θ) from the rhenium chain. (b)-(d) The 24-atoms orthorhombic supercells (blue area)
are used to perform stress-strain relation calculations under uniaxial tension, (b)
0°-90° supercell, (c) 30°-120° supercell and (d) 60°-150° supercell.
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FIG. 3. Calculated stress-strain relations of monolayer (a) ReS2 and (b) ReSe2 under
uniaxial tensions along six typical directions. The largest stress along a certain
direction is marked by vertical arrow.
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FIG. 4. (a-b) Optimized geometric structure of bulk and monolayer WTe2. The
rectangular unit cell is used in stress-strain calculations. (c) Calculated stress-strain
relations of monolayer WTe2 under uniaxial tensions along two principle axes. The
largest stress along a certain direction is marked by vertical arrow. (d) Optical image
of a typical WTe2 thin flake with long-strip shape. The scale bar is 10 μm.
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FIG. 5. (a) Optimized geometric structure of bulk ReS2, the {100} surface is edge
surface containing 0° (b-axis), and the {010} surface is edge surface containing 60°.
(b) Cleavage energy Ecl in J/m2 (blue line) and cleavage strength in GPa (red line) as a
function of separation distance d for the edge surface of ReS2 containing 0° (b-axis).
Inset: separating a monolayer from its neighboring trilayer.
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Table 1. Calculated ultimate tensile strengths and critical strains of ReS2 and ReSe2
under six typical directions and WTe2 under two axes.
Direction
Ultimate
Strength
σ (GPa)
Critical
strain
ε
Ultimate
Strength
σ (GPa)
Critical
strain
ε
Monolayer
Multi-layer
with
vdW
no
vdW
with
vdW
no
vdW
ReS2
0° (parallel to
Re1-Re2)
19.69 0.16 19.16 19.25 0.16 0.16
30° (perpendicular
to Re1-Re4)
15.56 0.16 15.15 15.24 0.16 0.15
60° (parallel to
Re1-Re3)
18.41 0.17 17.96 18.10 0.17 0.16
90° perpendicular
to Re1-Re2)
15.66 0.12 15.21 15.52 0.12 0.11
120° (parallel to
Re1-Re4)
17.51 0.14 17.06 17.13 0.14 0.13
150° perpendicular
to Re1-Re3)
21.26 0.18 20.96 21.05 0.17 0.17
ReSe2
0° (parallel to
Re1-Re2)
13.31 0.14 13.01 13.24 0.14 0.13
30° (perpendicular
to Re1-Re4)
11.52 0.16 11.36 11.44 0.15 0.16
60° (parallel to
Re1-Re3)
12.85 0.16 12.01 12.55 0.16 0.15
90° (perpendicular
to Re1-Re2)
11.76 0.13 11.05 11.23 0.12 0.13
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120° (parallel to
Re1-Re4)
12.70 0.14 12.10 12.51 0.14 0.14
150° (perpendicular
to Re1-Re3)
14.41 0.17 13.98 14.21 0.16 0.17
WTe2
X-axis 9.35 0.12 8.00 8.10 0.12 0.11
Y-axis 14.96 0.16 12.85 12.26 0.15 0.15
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Table 2. Calculated cleavage energies，cleavage strengths，ultimate tensile strengths
(multi-layer with vdW correction) and surface energies of ReS2, ReSe2 and WTe2 for
typical edge surfaces.
Surface
Cleavage
energy
(J/m2)
Cleavage
strength
(GPa)
Ultimate
tensile stress
(GPa)
Surface
energy
(J/m2)
ReS2
containing 0° 2.15 20.91 15.21 0.78
containing 30° 4.06 29.80 17.06 1.20
containing 60° 4.12 28.84 20.96 1.95
containing 90° 3.42 25.46 19.16 1.17
containing 120° 2.68 22.02 15.15 0.88
containing 150° 2.88 23.26 17.96 1.06
ReSe2
containing 0° 1.69 15.22 11.05 0.72
containing 30° 2.96 22.43 12.10 1.18
containing 60° 3.29 21.76 13.98 1.71
containing 90° 2.72 19.21 13.01 1.15
containing 120° 2.14 17.42 11.36 0.86
containing 150° 2.58 18.65 12.01 1.10
WTe2
{100} 2.53 14.67 8.00 0.77
{010} 2.85 16.89 12.85 1.28
